Objective: To assess relationships between energy, nutrient and food intakes, alcohol consumption, smoking status and body mass index (BMI), and serum concentrations of b-carotene, a-tocopherol, vitamin C, selenium and zinc. Methods: Data on health status, alcohol consumption, smoking habits, anthropometric data and biochemical measurements were obtained in 1821 women aged 35-60 y and 1307 men aged 45-60 y, participant to the SU.VI.MAX Study. Data on dietary intake were available on a subsample who reported six 24-h dietary records during the first 18 months of the study. Results: Women had higher baseline serum b-carotene and vitamin C concentrations and lower concentration for serum vitamin E, zinc and selenium than men. In women, younger age was associated with lowered mean concentration of serum b-carotene, vitamin E and selenium. In men, only differences were observed for serum zinc, which was lower in older men. Current smokers of both sexes had significantly lower concentrations of serum b-carotene, vitamin C and selenium, and, only in women, of vitamin E, than nonsmokers. Alcohol consumers had lower concentrations of serum b-carotene and higher selenium concentrations. Serum b-carotene and vitamin C concentrations were lower in obese subjects. There were positive associations of dietary b-carotene, vitamin C and E with their serum concentrations. Age, nutrient and alcohol intakes, serum cholesterol, BMI and smoking status explained 15.2% of the variance of serum b-carotene in men and 13.9% in women, and 10.8 and 10.0% for serum vitamin C, and 26.3 and 28.6% for serum vitamin E, respectively. Conclusion: Serum antioxidant nutrient concentrations are primarily influenced by sex, age, obesity, tobacco smoking, alcohol consumption and especially dietary intake of those antioxidant nutrients. 
Introduction
Cigarette smoking, obesity and some dietary patterns are well-known risk factors for both cardiovascular disease and cancer (WCRF/AIC; Kromhout, 2001 ). Yet, in the past several years, an increasing number of basic and clinical studies have pointed to the role of the reactive metabolites of oxygen, the free radicals, in these pathological processes, and the potential protective effect of antioxidant nutrients such as bcarotene, vitamin C, vitamin E, selenium and zinc (Ames, 1987; Halliwell & Gutteridge, 1989; Diplock, 1991; Byers & Perry, 1992; Frei, 1994; Hercberg et al, 1998a) .
Epidemiological data from cross-sectional, case-control, and prospective studies have shown a strong relationship between the intake of foods rich in antioxidant vitamins and minerals, or the actual intake of these nutrients, and the risk of cancer and ischaemic cardiovascular diseases (CVD) (Block et al, 1992; Stampfer & Rimm, 1993; Byers & Guerrero, 1995; Kohlmeier & Hastings, 1995; Stampfer & Rimm, 1995; Hercberg et al, 1998a) . However, most of published randomized placebo-controlled primary prevention trials have not been able to demonstrate these potential beneficial effects (Blot et al, 1993 ; The AlphaTocopherol, Beta Carotene Cancer Prevention Study Group, 1994; Hennekens et al, 1996; Omenn et al, 1996; Lee et al, 1999; Hercberg et al, 2004) , and two of the larger ones (The Alpha-Tocopherol, Beta Carotene Cancer Prevention Study Group, 1994; Omenn et al, 1996) even suggested harmful effects. Only two primary prevention trials performed in China and in France (Blot et al, 1993; Hercberg et al, 2004 ) observed a reduction of the incidence of cancers, but no effect on cardiovascular events. The seemingly contradictory results between the observational studies and the randomized trials could be explained by the fact that the doses used in clinical trials were much higher than the highest levels achieved by usual dietary intake, which have been found to be associated with the lowest risk of cancer and CVD in observational studies. In fact, the two trials that observed a beneficial effect on total mortality and cancer incidence used nonpharmacological doses of a combination of several vitamins and minerals and found an effect on a population with very low baseline micronutrient status (such as the Chinese trial (Blot et al, 1993) ) or, in the French SU.VI.MAX study (Hercberg et al, 2004) , only in men who had a lower preradomization antioxidant status (for bcarotene and vitamin C) than women. In the SU.VI.MAX study, the risk of cancer was higher in men, and the effect of the combined antioxidant supplementation was greater among those with low baseline concentrations of serum vitamin C or vitamin E. This raises a special interest to identify factors able to modulate the level of blood antioxidant markers.
The main objective of the present report was, thus, to assess relationships between energy, nutrient intakes, consumption of some specific foods, alcohol intake, smoking status and body mass index (BMI), and serum concentrations of b-carotene, a-tocopherol and tocopherol/cholesterol ratio, vitamin C, selenium and zinc, in a population-based sample of middle-aged French men and women participants of the SU.VI.MAX study.
Subjects and methods
Background and baseline Details concerning study rationale, design, methods and participant characteristics have been reported elsewhere (Hercberg et al, 1998b (Hercberg et al, , 2004 . In brief, 12 741 French adults (7713 females aged 35-60 y, 5 028 males aged 45-60 y) were randomly allocated, in 1994-1995, to receive either a combination of antioxidants (120 mg vitamin C, 30 mg vitamin E, 6 mg b-carotene, 100 mg selenium (as seleniumenriched yeast) and 20 mg zinc (as gluconate)) or a matching placebo, in a single daily capsule. Eligibility criteria were lack of disease likely to hinder active participation or threaten 5-year survival, acceptance of the idea of a placebo and of the implications of participation, lack of regular supplementation with any of the vitamins or minerals in the supplement and absence of extreme beliefs or behaviours regarding diet. The median follow-up time was 7.54 y.
The protocol was approved in France by a medical ethics committee and the national committee for the protection of privacy and civil liberties.
Data on health status and demographic factors were obtained at study entry, along with self-reported height and weight from a precise questionnaire. Venous blood samples were obtained after a 12 h fast. All biochemical measurements were performed in only one lab for each nutrient being analysed.
Vitamin C status was evaluated by serum ascorbic acid concentration using an automated method based on the continuous flow principle, segmented with air bubbles (Bourgeois et al, 1989) . Serum b-carotene and tocopherol were measured by HPLC (Vuilleumier et al, 1983) . Serum zinc was determined by flame atomic absorption spectrometry (Arnaud et al, 1986) and serum selenium by electrothermal atomic absorption spectrometry with longitudinal Zeeman background correction (Arnaud et al, 1993) . Total cholesterol was measured using an enzymatic method (Technicon DAX).
Coefficients of variation for blood assays were 4.9% for selenium, 3.8% for zinc, 5.5% for vitamin E, 7.6% for b-carotene, and 0.7% for total cholesterol.
Data on dietary intake were available on a subsample of 5000 subjects who reported six 24-h dietary records during the first 18 months of the study (the days of record were fixed for each subject, and randomized in order to assess four weekdays and two weekend days separated by at least 2 months). For this, they received a free, small, terminal, specifically developed for the study, loaded with ad hoc software. This material enabled subjects to fill out computerized questionnaires off line and to transmit data during a brief telephone connection via the Minitel Telematic Network, which connected them to the main SU.VI.MAX computer server. The Minitel is a small terminal that was widely used at the beginning of the SU.VI.MAX study in France as an adjunct to the telephone. Subjects were assisted in this task by interactive facilities of the software, and by an instruction manual for codification of foods, including photographs for estimations of portion size validated on 780 subjects in a pilot study (Le Moullec et al, 1996) . Data were also collected on cooking methods, seasoning, type of foods (fresh, frozen, canned, etc) , and place and time of food intake.
The nutritional values of the diet were estimated using a computerized food composition table (data from the french CIQUAL table (Feinberg et al, 1991) completed by data based on Mc Cance and Widdowson's (Paul & Southgate, 1978) . All nutrient and dietary values reported here are based on the average intakes for six 24-h dietary records for each subject. No data on zinc and selenium were available given the lack of reliable food table composition for these trace elements.
Analyses of the present study were based on a subsample of 3128 subjects (1821 women and 1307 men) without missing data on dietary intakes, smoking habits, anthropometric measurements and baseline serum concentrations of b-carotene, vitamin C, vitamin E, cholesterol, zinc and selenium.
Statistical methods
Data were processed on an a-VMS system, and a specific database was developed using Statistical Analysis Sytem version 8.2. (SAS Inc., Cary, NC, USA). Characteristics were compared between men and women by the Student's t-test, and w 2 test where appropriate. Results are expressed as percentages or means7s.d.'s. Owing to skewed distributions, serum levels and dietary intakes of b-carotene and vitamin C, as well as alcohol intakes, were log-transformed for analysis and geometric means and 95% confidence intervals are presented. Further analyses were performed in men and women separately. The mean levels of the selected serum antioxidants were compared across categories of age, smoking status, alcohol consumption and BMI by using the Fisher's test and by a test for a linear trend across categories. Partial Spearman's correlation coefficients were computed to assess associations of dietary intake of those antioxidant nutrients with their respective serum concentrations. Linear regression models were applied by sex to assess the factors related to the serum levels of b-carotene, vitamin C, vitamin E and vitamin E/cholesterol ratio, zinc and selenium. Age was forced into the models. Other variables, including energy intake, total dietary intake of the nutrient being modelled, alcohol consumption, serum cholesterol, smoking consumption and BMI, were entered into the model if the P-value for the variable in the model was o0.10, using stepwise regression method.
Results
Main characteristics of subjects at baseline are presented by sex in Table 1 .
As expected by the sampling method, mean age was higher in men than in women. The percentage of current smokers was similar in men and women. More women than men had never smoked and more men were former smokers. More women than men were nondrinkers. Men were more frequently overweight and obese than women and they also had, on average, higher serum cholesterol levels as compared to women. Women consumed less energy, b-carotene, vitamins C and E than men, but when expressed as nutrient density (expressed for 1000 kcal), the b-carotene and vitamin C and E density was higher in women than in men.
Women had significantly higher baseline serum b-carotene and vitamin C concentrations (Po0.0001) and lower concentration for serum vitamin E, zinc and selenium (Po0.0001) than men. However, when a-tocopherol was expressed as the ratio vitamin E/cholesterol, women had higher levels than men.
Relationships between serum concentrations of b-carotene, vitamins C and E, zinc, selenium and age, smoking status, alcohol consumption and BMI are presented in Table 2 .
In women, younger age was associated with lowered mean concentration of serum b-carotene, vitamin E and selenium. No age-related difference was seen for serum vitamin C and zinc. In men, only differences were observed for serum zinc, which was lower in older men.
Current smokers had, in both sexes, significantly lower concentrations of serum b-carotene, vitamin C and selenium, and, only in women, of vitamin E, than nonsmokers.
Alcohol consumers had significantly lower concentrations of serum b-carotene and higher concentrations of serum selenium than now or low consumers.
Serum b-carotene and serum vitamin C concentrations were lower in men with higher BMI. This linear trend was also observed for serum b-carotene in women. Serum vitamin C concentrations were higher in overweight (but nonobese) women compared to normal or low weight subjects.
Pearson's correlation between dietary intake of each nutrient and the corresponding serum concentration show positive associations of dietary b-carotene, vitamin C and vitamin E with their serum concentrations (r ¼ 0.21, 0.28 and 0.07, respectively, all Po0.0001), which do not change after adjustment for factors known to affects serum concentration of these nutrients, including age, sex, energy intake, BMI, alcohol consumption and smoking (r ¼ 0.21, 0.31 and 0.11, respectively, all Po0.0001). Dietary vitamin E was correlated with the ratio of serum vitamin E/cholesterol only after adjustment for the above-mentioned factors (r ¼ 0.11, Po0.0001). As expected, serum vitamin E concentrations were strongly correlated with serum cholesterol concentrations in both men (r ¼ 0.51, Po0.0001) and women (r ¼ 52, Po0.0001).
Serum b-carotene concentration was positively correlated with serum vitamin C (r ¼ 0.18 in women and 0.27 in men; Po0.0001) and vitamin E (r ¼ 0.30 in women and 0.20 in men; Po0.0001). Serum vitamins C and E were only correlated in women (r ¼ 0.09; Po0.001).
Current smokers had significant lower b-carotene, vitamins C and E intakes than nonsmokers (Table 3) .
The multivariate analyses (linear regressions) of serum values for b-carotene, vitamins C and E, zinc and selenium are presented in Table 4 .
A model that included age, b-carotene intake, serum cholesterol, BMI, smoking status and alcohol intakes (in men only) explained 15.2% of the variance of serum bcarotene in men and 13.9% in women. The same model but changing the corresponding nutrient intakes explained the following variances: for serum vitamin C 10.8% in men and 10.0% in women, and for serum vitamin E, respectively, 26.3 and 28.6%. This general model explained only negligible part of the variability of serum selenium and zinc concentrations.
Discussion
The results of the present study show that in the participants of the SU. VI.MAX study, sex, age, smoking habits, alcohol consumption and BMI appear as important determinants of serum values of antioxidants.
Serum zinc and serum selenium concentrations were lower in women than in men. This observation is consistent with data from most other published studies (Viegas-Crespo et al, 2000; Kafai & Ganji, 2003; Graham et al, 2004) and has been related to hormonal status (Viegas-Crespo et al, 2000) .
Serum concentrations for b-carotene and vitamin C were much higher in women than in men, as previously found in numerous studies performed in different countries (Hercberg et al, 1994; Curran-Celentano et al, 2001; De Waart et al, 2001; Wallstrom et al, 2001; Olmedilla et al, 2002) . This may be related to the better b-carotene and vitamin C nutrient density for these nutrients usually consumed by women than by men and to some life-type factors observed more in men than in women of the cohort such as smoking or drinking alcoholic beverages, which are known to decrease the b-carotene and vitamin C serum levels. A negative relationship was also apparent between smoking and serum concentrations of b-carotene, vitamin C, selenium and, only for women, vitamin E.
Relationships between cigarette smoking and b-carotene and vitamin C are particularly well documented in several other epidemiological studies (Stryker et al, 1988; Nierenberg et al, 1991; Ascherio et al, 1992; Hallfrisch et al, 1994; Hebert et al, 1994; Jarvinen et al, 1994) . Lower plasma ascorbic acid concentrations have been described in smokers than in nonsmokers of both sexes (Schectman et al, 1989; Mezzeti et al, 1995; Ross et al, 1995; Marangon et al, 1998; Lykkesfeldt et al, 2000; Wei et al, 2001; Dietrich et al, 2003) . Smokers had also lower plasma b-carotene concentrations than did the nonsmokers (Byers & Guerrero, 1995; Stryker et al, 1988; Nierenberg et al, 1991; Marangon et al, 1998; Dietrich et al, 2003) . The abundance of free radicals in, or produced by, cigarette smoke may induce an oxidative stress on both the respiratory and circulatory systems (Pryor & Stone, 1993; Eiserich et al, 1995) , and the lower levels of antioxidants found in smokers may partly be a consequence of a greater antioxidant depletion due to a sustained smoke-related oxidant load (Mezzeti et al, 1995) . Smoking is also known to increase the metabolic turnover of ascorbic acid (Kallner et al, 1981) . Our study revealed a negative relationship with serum a-tocopherol only in women. Evidence of an association between tobacco smoking and vitamin E status is controversial (Stryker et al, 1988; Schectman et al, 1989; Mezzeti et al, 1995; Ross et al, 1995; Marangon et al, 1998; Wei et al, 2001 ). In smokers, we observed a lower serum selenium level than in nonsmokers. Several studies reported a poor selenium status in smokers (Kocyigit et al, 2001) in association with increased markers of oxidative stress. Regarding relationships between zinc and tobacco, in a recent study no change in plasma zinc concentration was reported in smokers compared to nonsmokers (Kocyigit et al, 2001) . Similarly, we did not observe any effect of smoking on Zn plasma level. The close inter-relation between smoking and dietary vitamin intake, as observed in the SU.VI.MAX study, make additional lines of evidence, particularly critical in order to understand whether cigarette smoking directly results in reduced circulating concentrations of antioxidant micronutrients. Evidence concerning the acute effect of smoking on antioxidant micronutrient concentrations is provided by a study with measurements of circulating micronutrient concentrations taken shortly before and after a smoker stops smoking (Brown, 1993) . In this study, increased plasma concentrations of vitamin C ( þ 19%), a-carotene ( þ 12%) and b-carotene ( þ 28%) were observed after 84 h without a cigarette (Brown, 1993) . Wei et al (2001) in the analysis of the NHANES III data also showed that smokers had significantly lower serum levels of those nutrients than nonsmokers of both sexes, and that this difference persisted after adjustment for factors that independently affected plasma ascorbic acid concentrations such as alcohol and intake of vitamins. Studies of active smoking (Schectman et al, 1989; Pelletier, 1997; Marangon et al, 1998; Wei et al, 2001; Alberg, 2002) and serum or plasma vitamin C concentrations after adjusting for vitamin C intake (Strauss, 1999; Farchi et al, 2001; Wei et al, 2001; Alberg, 2002) or fruit and vegetable intakes (Drewnowski et al, 1997; Alberg, 2002) have shown significantly lower vitamin C concentrations in smokers compared with nonsmokers. This observation suggests that smoking directly lowers plasma vitamin C concentrations by mechanisms that do not depend on dietary vitamin C intake, such an impaired vitamin C absorption (Pelletier, 1997) or increased turnover (Kallner et al, 1981; Tribble et al, 1993) .
The positive relationships between b-carotene, vitamin C and vitamin E intakes with their serum concentrations observed in this study appear to be independent of factors known to affect their serum concentrations, including age, sex, energy intake, BMI, alcohol consumption and smoking. Linear regression modelling was performed on the log-transformed variable. Variables were included through stepwise procedure (excepted for age) with a P-value of 0.10 for entry into the model.
The modest strength of the correlation coefficients observed is in the same range to those described in previous papers (Hercberg et al, 1994; Albanes et al, 1997; Neuhouser et al, 2001; Wallstrom et al, 2001) . In the present study, alcohol consumers had significantly lower serum concentrations of b-carotene but higher concentrations of selenium than nonconsumers. Concerning b-carotene, this finding is consistent with most previous research, including cross-sectional (Stryker et al, 1988; Ward & Peters, 1992; Simonetti et al, 1993; Lecomte et al, 1994; Albanes et al, 1997 ) and b-carotene supplementation studies (Constantino et al, 1988; Goodman et al, 1994) . The CARET study found lower concentrations of serum carotenoids in men consuming more alcohol independent of dietary carotenoid intake. Given that several studies eliminated dietary differences as the reason for alcohol-related alterations of serum carotenoids in plasma (Stryker et al, 1988; Constantino et al, 1988; Goodman et al, 1994) more direct effects of alcohol on b-carotene absorption, metabolism or utilization should be considered. Such effects could be greater oxidative stress from alcohol leading to greater b-carotene (and other antioxidant) consumption by alcohol-related radicals (Simonetti et al, 1993; Simonetti et al, 1995) and increased b-carotene conversion to retinol (Lecomte et al, 1994 ).
An alcohol-related effect on zinc plasma level was not found despite the involvement of zinc in alcohol metabolism and given that zinc intakes in drinkers are generally reported lower than in nondrinkers (Bergheim et al, 2003) . Drinkers exhibited higher serum selenium level than nondrinkers as opposed to some previous reports (JablonskaKaszewska et al, 2003; Manari et al, 2003) . However, if the decrease in selenium status is always reported in alcoholic liver diseases (Robberecht & Deelstra, 1994; Alfthan & Nève, 1996) , results are discrepant in moderate drinkers without liver disturbances. Indeed, our results are in agreement with those obtained in NHANES III (Kafai & Ganji, 2003) . Although alcohol, similarly to tobacco, induces free radical production and the most important defense mechanisms against alcohol-induced liver damage are associated with the activity of antioxidative enzymes, among which glutathione peroxidase (GSH-Px), some studies have also reported an increase in serum selenium concentration in moderate drinkers and related this increase to a protective mechanism (Kafai & Ganji, 2003) .
In our study, plasma vitamin E level was not different in alcohol consumers and non consumers. Most of the studies report that alcohol consumption result in reduced antioxidant vitamin intakes and status (Bergheim et al, 2003; Manari et al, 2003) . However, in the French cohort of the European Prospective Investigation into Cancer and Nutrition (E3N-EPIC) involving 100 000 middle-aged, highly educated women (Kesse et al, 2001) , after adjustment for energy derived from alcohol, increasing alcohol consumption was associated with higher intake of vitamin E.
Concerning the relationships between antioxidant status and obesity, we found that serum b-carotene and vitamin C (only in men) was lower in obese subjects compared to overweight or normal to low weight subjects. A same tendency, not significant, was found for serum vitamin E. It has been reported that BMI is independently related to a-tocopherol and b-carotene concentrations, even when diet and lipid concentrations are adjusted for (Knekt et al, 1988; Ö hrvall et al, 1993; Sinha et al, 1993; Hebert et al, 1994; Van Vliet, 1996; Wallstrom et al, 2001) . It has been suggested that the independent negative association between general obesity and serum b-carotene concentration might have at least two mechanisms. The first is that b-carotene is distributed differently between plasma and adipose tissue, the former being the dominant storage tissue of b-carotene in the human (Van Vliet, 1996) . Accordingly, a person with high fat mass would have a larger proportion of ingested b-carotene absorbed by fat tissue than would a lean person if all other metabolic factors were equal. A second explanation could be that the estimates of b-carotene and fibre intakes among obese individuals fail to detect a lower consumption of foods that would increase serum b-carotene concentrations. Specific studies have found an inverse association between serum a-tocopherol and BMI among adults or adolescents (Gascon-Vila et al, 1997; Rock et al, 1999; Neuhouser et al, 2001; White et al, 2001) . The basis for lower serum concentrations of nutrients in obese people compared with nonobese people remains speculative, but it has been suggested that dietary differences and variability in body compartmental sizes are likely explanations (Strauss, 1999) .
Lastly, the present study shows that the selected serum antioxidant nutrient concentrations were primarily influenced by sex, age, obesity, tobacco smoking, alcohol consumption and specially dietary intake of those antioxidant nutrients. An important part of understanding the role of antioxidant nutrients in nutritional status assessment and their function in disease prevention is the knowledge of factors that influence their absorption, metabolism and distribution in human tissues. These data underline the limits of dietary recommendations when they do not take into consideration important factors influencing nutritional needs.
